IL-6 and IL-23 (IL-6/23) induce IL-17A (IL-17) production by a subpopulation of murine and human neutrophils, resulting in autocrine IL-17 activation, enhanced production of reactive oxygen species, and increased fungal killing. As IL-6 and IL-23 receptors trigger JAK1, -3/STAT3 and JAK2/STAT3 phosphorylation, respectively, we examined the role of this pathway in a murine model of fungal keratitis and also examined neutrophil elastase and gelatinase (matrix metalloproteinase 9) activity by IL-6/23-stimulated human neutrophils in vitro. We found that STAT3 phosphorylation of neutrophils in Aspergillus fumigatus-infected corne as was inhibited by the JAK/STAT inhibitor Ruxolitinib, resulting in impaired fungal killing and decreased matrix metalloproteinase 9 activity. In vitro, we showed that fungal killing by IL-6/23-stimulated human peripheral blood neutrophils was impaired by JAK/STAT inhibitors Ruxolitinib and Stattic, and by the retinoic acid receptorrelated orphan receptor gt inhibitor SR1001. This was also associated with decreased reactive oxygen species, IL-17A production, and retinoic acid receptor-related orphan receptor gt translocation to the nucleus. We also demonstrate that IL-6/23-activated neutrophils exhibit increased elastase and gelatinase (matrix metalloproteinase 9) activity, which is inhibited by Ruxolitinib and Stattic but not by SR1001. Taken together, these observations indicate that the regulation of activity of IL-17-producing neutrophils by JAK/STAT inhibitors impairs reactive oxygen species production and fungal killing activity but also blocks elastase and gelatinase activity that can cause tissue damage. J. Leukoc. Biol. 100: 000-000; 2016.
Introduction
Microbial infections of the cornea caused by bacteria and fungi are the second most common cause of blindness worldwide after cataracts. Fungal infections of the cornea (keratitis) manifest as purulent, ulcerative infections that are extremely painful and can result in severe loss of vision and even blindness. Infections caused by filamentous fungi, such as Aspergillus and Fusarium species are the leading causes of corneal ulcers in developing countries and in hot and humid regions of industrialized countries, most commonly following ocular trauma associated with agricultural work [1] [2] [3] . An additional risk factor is contact lens wear, and Fusarium species were the cause of an outbreak in the United States and worldwide [4] and remain an important risk factor.
In order to characterize the pathogenesis of this infection, we used murine models of Aspergillus and Fusarium keratitis in which live conidia are injected directly into the corneal stroma. These studies showed that conidia rapidly germinate and hyphae spread throughout the cornea within 24 h. We also showed that control of hyphal growth is regulated by proinflammatory and chemotactic cytokines produced by resident macrophages by activation of c-type lectins Dectin-1 and -2, which recruit neutrophils to the infected corneas [5] [6] [7] . Hyphal growth was found to be regulated by neutrophil-derived ROS and neutrophil iron and zinc chelators, including lactoferrin, transferrin, and calprotectin [8] [9] [10] .
Analysis of corneas ulcers from acutely infected patients also showed that neutrophils were the predominant cell type but were also associated with increased production of the proinflammatory cytokine IL-17A (IL-17) in the cornea [11] . IL-17-producing neutrophils were prominent in peripheral blood, not only in fungal keratitis patients in south India but also in healthy individuals from this region, most likely as a consequence of inhaling airborne conidia [12] . That study showed a correlation between the percent of IL-17-producing neutrophils and plasma levels of IL-6 and IL-23 [12] . We also demonstrated that these cytokines directly stimulate not only IL-17A production but also expression of a functional IL-17RA/RC receptor, resulting in autocrine IL-17 activation of these neutrophils and elevated production of ROS [13] . In individuals exposed to high levels of airborne spores and in mice given spores subcutaneously, IL-6 and IL-23 are most likely produced by macrophages and dendritic cells at the site of initial exposure and activate neutrophils in the bone marrow [12, 13] . Neutrophils recognize hyphae through Dectin-1 and complement receptor 3 [8] , and IL-6/23-activated neutrophils also express Dectin-2, which induces further up-regulation of IL-17RC [13] .
Results from the current study extend these observations to show that IL-6 and IL-23 induce p-STAT3 in neutrophils and that blockade of this pathway using JAK/STAT inhibitors impairs ROS production and hyphal killing in vitro and in fungal keratitis. STAT3 signaling also inhibited elevated production of neutrophil elastase in vitro and MMP9 activity in vitro and in vivo, which can potentially limit gelatinase damage to the cornea and visual acuity. These findings support a combined therapeutic approach of anti-fungal agents with targeted blockade of neutrophil protease activity.
MATERIALS AND METHODS

Source and maintenance of mice
The Case Western Reserve University Institutional Animal Care and Use Committee approved the animal protocols used in this study. All of the mice used in these studies were C57BL/6J, which were obtained from The Jackson Laboratory (Bar Harbor, ME, USA).
JAK/STAT and RORgt inhibitors
The JAK1, -2 inhibitor Ruxolitinib (INC424, INCB18424) [14, 15] was purchased from Selleck Chemicals (Houston, TX, USA) and used at 20 mM final concentration. The STAT3-SH2 inhibitor Stattic was obtained from Tocris Bioscience (Bristol, United Kingdom) and used at 20 mM [16, 17] . The RORgt inhibitor SR1001 was purchased from Sigma (St. Louis, MO, USA) and used at 20 mM. SR1001 inhibits RORgt binding to the il17a promoter [18] .
Aspergillus strains
The Af293 strain of Af-dsRed was used for corneal infections and in vitro fungal killing assays [8] . For subcutaneous "priming" injections, heat-killed, swollen conidia Aspergillus fumigatus strain Af-BP was used. A. fumigatus strain Af-BP is a clinical isolate from a fungal keratitis patient treated at Bascom Palmer Eye Institute (Miami, FL, USA), which was used in prior studies from our laboratory [8, 13] .
For the AspHE used in ROS assay, A. fumigatus strain Af-BP hyphae were pulverized in liquid nitrogen and filtered through a 30 mm preseparation filter (Miltenyi Biotec, Auburn, CA, US) and protein measured by the BCA method (Thermo Fisher Scientific Life Sciences, Waltham, MA, USA). AspHEs were stored at 220°C and used at a final concentration of 1 mg/ml.
Subcutaneous injection (immunization) with swollen, heat-killed conidia
Live, plate-grown A. fumigatus conidia from the Af-BP clinical isolate were harvested and incubated for 6 h in Sabouraud dextrose broth to allow germination to occur and for expression of b-glucan, which initiates the host response. Heat-killed, swollen (germinated) conidia (3 3 10 8 /100 ml) were injected subcutaneously at the base of the tail. After 72 h, IL-17-producing neutrophils were present in bone marrow and spleen but not Th17 cells; this was confirmed by flow cytometry.
Isolation of murine bone marrow neutrophils
Bone marrow-derived cells were isolated from mouse femurs and tibias by flushing the bones through with RPMI using an 18-gauge needle. Erythrocytes were lysed with 13 lysis buffer (eBioscience, San Diego, CA, USA), and total bone marrow cells were separated on a Percoll (GE Healthcare BioSciences, Pittsburgh, PA, USA) gradient by density centrifugation (52, 69, and 78%) . Cells at the 69-78% interface were harvested, and neutrophil purity (.98%) was assessed by flow cytometry and Wright-Giemsa staining.
Murine model of A. fumigatus corneal infection C57BL/6 mice were immunized subcutaneously, and after 3 d (before inducing a T cell response, "primed"), a single abrasion was made using a 30 gauge needle, and 1 3 10 5 live conidia were injected directly into the corneal stroma. Twenty-four hours postinfection (when IL-17-producing neutrophils are detected in the cornea), mice were euthanized, and fungal growth in the cornea was imaged by fluorescence stereoscopy and quantified using MetaMorph software (Molecular Devices, Sunnyvale, CA USA). Infected corneas were also collected and digested with collagenase, and cells were incubated with NIMP-R14 to quantify the number of neutrophils. A sample size of 10 mice/group was analyzed.
In vivo application of Ruxolitinib
To inhibit p-JAK/STAT in vivo, 100 ml 0.8 mg Ruxolitinib (suspended in 20% DMSO and 80% PEG 300) was administered by oral gavage twice per day over a 5 d period, as described in other in vivo studies [19, 20] . Control mice were given the DMSO/PEG vehicle alone. C57BL/6 mice were primed 4 h after the final oral dose, and the corneal stroma were infected 3 d with 1 3 10 5 live RFP-expressing A. fumigatus conidia. Systemic inhibition of p-STAT3 was confirmed in bone marrow cells by flow cytometry.
Flow cytometry
Corneas were dissected and incubated for 1 h at 37°C in collagenase (80 U/ml; C0130; Sigma) and washed in FACS buffer (PBS + 1% FBS + 0.5% sodium azide). Ten corneas were pooled, and cells were analyzed by intracellular flow cytometry. Also, bone marrow cells were collected as described above and washed in FACS buffer. Table 1 ). Cells were analyzed using a C6 Accuri flow cytometer (BD Biosciences, San Jose, CA, USA). Multispectral Imaging Flow Cytometry (ImageStream 100; Amnis, EMD Millipore, Billerica, MA, USA) was used for quantification of RORgt translocation to the nucleus. Settings for flow cytometry were based on isotype controls. We examined the anti-mouse Ly6G (NIMP-R14) mAb on several cell types, including macrophages, and showed that, neutrophils were the only cells found to be positive [13] . 
ImageStream analysis of nuclear translocation
Bone marrow neutrophils were isolated and RORgt was detected as described above, and nuclei were DAPI stained. Ten thousand events were acquired, and, the spatial relationship between RORgt and DAPI-stained nuclei was measured using the similarity feature of Integrated Design and Engineering Analysis Software (I-DEAS) software. The similarity score provides a measure of the degree of nuclear localization of RORgt by measuring the pixel intensity correlation between RORgt+ve and multilobed DAPI+ve images. Neutrophils with low similarity scores were scored as no translocation, whereas neutrophils with high similarity scores were recorded as translocated. The quantifications were then calculated and graphed using Prism (GraphPad Software, La Jolla, CA, USA).
Isolation of peripheral blood human neutrophils
Informed consent was obtained in accordance with the Declaration of Helsinki and the Institutional Review Board of University Hospitals Case Medical Center (Cleveland, OH, USA). Neutrophils were isolated from peripheral blood of healthy donors followed by 3% Dextran and Ficoll gradient centrifugation (Thermo Fisher Scientific Life Sciences,), which yielded .95% neutrophils.
In vitro activation of murine and human neutrophils
Murine or human neutrophils were suspended at a density of 10 6 cells/ml and incubated with 20 mg/ml mouse rIL-6 or rhIL-6 and 2 mg/ml rhIL-23 in RPMI, and the cells were maintained for 1-3 h at 37°C in 5% CO 2 . All inhibitors were added to neutrophils 2 h before rIL-6 and rIL-23 stimulation. This concentration of cytokines was based on our prior studies [13] .
In vitro fungal killing assay
A hyphal coincubation assay was used to study the ability of murine and human neutrophils to inhibit A. fumigatus hyphal growth as described [5, 13] . In brief, 12,500 strain Af-dsRed expressing conidia per 200 ml Sabouraud dextrose media were added to wells of black-walled, 96-well plates with an optically clear bottom (Costar 3720; Corning, Corning, NY, USA). After 6 h, the conidia had germinated, and the hyphae became adherent to the wells, at which time, the medium was removed. Murine and human neutrophils were incubated with 20 mM Stattic, 20 mM Ruxolitinib, or 20 mM RORgt inhibitor SR1001 for 2 h. Cells were then stimulated with 20 mg/ml rhIL-6 and 2 mg/ml rhIL-23 for 3 h and washed, and 2 3 10 5 bone marrow murine neutrophils or 1 3 10 5 human peripheral blood neutrophils were added to each well with growing hyphae. RPMI media were used as a positive control (unimpaired growth), and PBS was used as a negative control [no growth (data not shown)]. After 16 h, the wells were washed with PBS, and the dsRed fungal mass was quantified in a 96-well fluorimeter at a 550/600 nm excitation/emission filter (The Synergy HT, BioTek Instruments, Winooski, VT, USA).
Production of ROS
In vitro ROS production was measured by CFDA, as described previously [13] . In brief, 100 mg/100 ml AspHE were incubated with 2 3 10 5 murine or human neutrophils. Neutrophils were treated for 1 h with 1 mM H 2 CFDA (Sigma), which fluoresces following ROS oxidation. Neutrophils were collected and analyzed by flow cytometry. H 2 CFDA-pulsed neutrophils that had not been incubated with AspHE were used to set the ROS histogram gate. The mean intensity was calculated by Accuri flow software and graphed in Prism (GraphPad Software).
Confocal imaging
Confocal images were collected using the UltraVIEW VoX spinning disk confocal system (PerkinElmer, Waltham, MA, USA), mounted on a Leica DMI6000 B microscope, equipped with HCX PL APO 1003/1.4 oilimmersion objective using a 0.2 mm step size. Confocal images were then imported into MetaMorph Image Analysis Software (Molecular Devices). Maximum projections were generated from the original stacks, which were subjected to "no neighbors" 2-dimensional deconvolution. We used the same anti-IL-17 and RORgt antibodies described above (eBioscience).
IL-17A ELISA
IL-17A protein was quantified by 2-site ELISA, according to the manufacturer's directions (R&D Systems).
Western blot analysis
Neutrophils collected from primed or naïve C57BL/6 mice or unstimulated murine or human neutrophils were incubated with rIL-6 and rIL-23 for 60 min. After this time, cells were washed in PBS and lysed in ice-cold 13 lysis buffer (Cell Signaling Technology). 
qPCR
Neutrophil and total corneal cell RNA was extracted using the RNeasy mini kit, according to the manufacturer's directions (Qiagen, Valencia, CA, USA). The quality of RNA was checked by spectrophotometry, and only samples with a 260/280 ratio of 2.0 were used to generate cDNA. The SuperScript First Strand synthesis system (Thermo Fisher Scientific Life Sciences) was used to generate cDNA, according to the manufacturer's directions. This protocol also includes a DNAse step to avoid contamination with genomic DNA. The SYBR Green system (Thermo Fisher Scientific Life Sciences) was used for qPCR using Thermo Fisher Scientific Life Sciences. Primer sequences are listed in Supplemental Table 2 . PCR products were then run on a 2% agarose gel and visualized using ethidium bromide. PCR products were compared with Actb (encoding the b-actin gene) or GAPDH as the controls for gel loading.
MMP9 and neutrophil elastase activity assays
Active MMP9 was detected through activation of a modified prodetection peptide and cleavage of the chromogenic peptide substrate (S-2444) and quantified by spectrophotometry at excitation/emission wavelengths 485/525 nm. The neutrophil elastase activity assay uses a fluorescent substrate that is cleaved by active elastase to analyze elastase activity. Data were expressed as picograms per milliliter, according to the manufacturer's instructions (MMP-9 Biotrak activity assay, GE Healthcare Bio-Sciences; Neutrophil Elastase Activity Assay Kit, Cayman Chemical, Ann Arbor, MI, USA).
Statistical analysis
Statistical analysis was performed for each experiment using an unpaired t-test and 1-way ANOVA analysis with Tukey's post hoc analysis (Prism; GraphPad Software). P , 0.05 was considered significant. Correlation analyses were calculated using Spearman's rank correlation coefficient, and P values and r 2 analyses were used to determine statistical significance.
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RESULTS
Neutrophils from A. fumigatus-infected corneas express p-STAT3
We demonstrated that a single subcutaneous injection of heatkilled, swollen A. fumigatus conidia induced elevated serum IL-6 and IL-23 and generated IL-17-producing neutrophils in the bone marrow after 72 h [13] . As we showed that this occurs before T cell activation, we used the term "primed" rather than "immunized" [13] . Bone marrow neutrophils from naïve and primed C57BL/6 mice were isolated by gradient centrifugation, which yielded .98% neutrophils (Fig. 1A) , and antibodies targeted to the Tyr 705 site of STAT3 were used to detect p-STAT3
by Western blot and intracellular flow cytometry. Corneas were examined 24 h postinfection as prior studies showed that IL-17 neutrophils are predominant at this time point; furthermore, IL-17-producing neutrophils and IL-23 were not detected in the corneas of nonprimed mice at any time point during a 72 h corneal infection [5] . We found that although ;80% bone marrow-derived neutrophils from naïve and primed C57BL/6 mice had total STAT3, p-STAT3 was detected only in neutrophils from primed mice (Fig. 1B) . Similar results are shown by Western blot analysis, where p-STAT3 was only detected in neutrophils from primed mice (Fig. 1C) . Consistent with these data and with our previous studies [13] , Il17a gene expression by qPCR was detected in neutrophils from primed mice only ( Fig. 1D ; agarose gels of qPCR products; CT scores are shown in Supplemental Table. 3).
To detect IL-17 in p-STAT3+ve neutrophils following fungal infection, corneas of naïve and 72 h primed mice were infected with live A. fumigatus conidia that express dsRed, and after 24 h, corneas were digested with collagenase, and p-STAT3 and IL-17 in infiltrating NIMP-R14+ve neutrophils were examined by flow cytometry. There were no p-STAT3+ve neutrophils in the cornea of infected mice that had not been primed; however, the neutrophils from primed, infected mice were mostly p-STAT3 + neutrophils that were gated for further IL-17 analysis by flow cytometer. Figure 1 , E and F, shows no IL-17+ve neutrophils in infected mice that had not been primed, whereas 18.6% of neutrophils in the corneas of primed, infected mice were IL-17+ve. As shown previously [13, 21] , there was no significant difference in the total number of neutrophils recruited to infected corneas of nonprimed compared with primed mice (data not shown).
These results indicate that STAT3 is phosphorylated in neutrophils in vivo following priming, and neutrophils are then recruited to the site of infection.
Impaired fungal clearance and MMP9 activity in infected corneas of Ruxolitinib-treated mice STAT3 phosphorylation is mediated by activation of Jak1 and Jak2 by IL-6/gp130 and Jak2 by IL-23 [22] [23] [24] . Therefore, we examined the effect of blocking p-STAT3 in infected corneas using Ruxolitinib, which inhibits p-JAK1/2 and p-STAT3 [14, 15, 19] .
C57BL/6 mice were administered Ruxolitinib (0.8 mg/ml) or vehicle alone by oral gavage twice per day for 5 consecutive days before subcutaneous injection of heat-killed, swollen conidia (primed). After 72 h, the systemic effect of Ruxolitinib was examined in isolated bone marrow neutrophils. As shown in Fig. 2A , there was no p-STAT3 in neutrophils from mice given oral Ruxolitinib.
To determine the effect of Ruxolitinib on fungal infection, live dsRed-expressing A. fumigatus conidia were injected into the corneal stroma, and after 24 h, Il17a gene expression and p-STAT3 and IL-17 in infiltrating neutrophils were examined, and fungal growth was quantified by image analysis.
There was no difference in the total number of neutrophils infiltrating the infected corneas (Fig. 2B) ; however, Il17a gene expression, which was detected in vehicle control corneas, was not detected in corneas from Ruxolitinib-treated mice ( Fig. 2C ; qualitative gels of qPCR products are shown in Fig. 2C , and CT scores are in Supplemental Table 3 ). Neutrophils in the cornea were gated from the total cells in infected corneas (Fig. 2D) , and Fig. 2E shows p-STAT3/ IL-17+ve neutrophils in vehicle (control mice) but not in Ruxolitinib-treated mice. (Flow cytometry of total cells from infected corneas is shown in Supplemental Fig. 1.) As shown in Fig. 2F , there was less RFP-A. fumigatus in infected corneas in primed, vehicle control compared with Table 3. infected, nonprimed mice; however, hyphal growth was not impaired in Ruxolitinib-treated mice and was significantly higher than in primed; animals not given Ruxolitinib (quantification of RFP-expressing fungus shows combined data from 3 experiments; representative eyes from 2 other experiments are shown in Supplemental Fig. 2) .
To determine if increased protease activity occurs in the corneas of primed, infected mice during fungal keratitis, corneas were dissected and homogenized 24 h postinfection from nonprimed, primed vehicle control, and primed/Ruxolitinibtreated mice. Active MMP9 was detected in lysates from all infected corneas; however, the level of MMP9 activity was significantly higher in the corneas of primed mice. When the mice were treated with STAT3 inhibitor Ruxolitinib before priming and infection, MMP9 activity was decreased significantly (Fig. 2G) .
Together, these data show that in vivo, Ruxolitinib blocks p-STAT3 and IL-17 production by neutrophils in infected corneas, resulting in impaired control of hyphal growth but also less MMP9 activity that could cause tissue damage to the cornea.
Inhibition of p-STAT3 by murine and human neutrophils results in increased A. fumigatus hyphal growth and impaired ROS production
We reported an essential role for ROS in neutrophil killing of Aspergillus hyphae in vivo and in vitro and also reported that ROS production is elevated in IL-17-producing neutrophils generated in vitro or following in vivo priming [8, 13] . Therefore, to examine if p-STAT3 inhibition also impairs hyphal killing in vitro, bone marrow neutrophils from C57BL/6 mice and isolated human peripheral blood neutrophils were stimulated with IL-6/23 in the presence of Ruxolitinib or Stattic, which binds to the STAT3-SH2 domain and inhibits phosphorylation [16, 17] , or with the SR1001, which blocks RORgt binding to the Il17a promoter [18] . Neutrophils were incubated with inhibitors for 2 h before adding to growing A. fumigatus hyphae, and hyphal mass was measured by fluorimetry and quantified by relative fluorescent units as we described [8, 13] .
We found that hyphal mass was significantly lower after incubation with IL-6/23-treated compared with unstimulated murine or human neutrophils (Fig. 3A and B) , indicating that these neutrophils have an enhanced ability to impair hyphal growth. However, in the presence of Ruxolitinib, Stattic, or SR1001, hyphal mass was significantly higher than with IL-6/23-stimulated neutrophils alone and similar to neutrophils not given IL-6/23.
As NADPH oxidase-generated ROS is important in hyphal killing by neutrophils and has elevated activity in IL-6/23-stimulated neutrophils [8, 13] , we examined whether blockade of the JAK/STAT pathway inhibited elevated ROS production. Human and murine neutrophils were stimulated with IL-6 and IL-23 in the presence of p-STAT3 or RORgt inhibitors before adding them to wells with dsRed-expressing A. fumigatus hyphae, and after 16 h, intracellular ROS production was measured as described [8, 13] . As shown in Fig. 3C and D, ROS production by IL-6/23-stimulated neutrophils was significantly higher than unstimulated neutrophils. However, in the presence of Stattic, Ruxolitinib, or SR1001, IL-6/23-induced ROS production was significantly less, with levels similar to neutrophils not stimulated with IL-6/23. There was no effect of JAK/STAT inhibitors on fungal killing by neutrophils not activated by IL-6/23 (Supplemental Fig. 3) .
Collectively, these findings indicate that JAK/STAT and RORgt inhibitors block fungal killing by IL-6/23-stimulated neutrophils by impairing ROS production. p-STAT3 mediates RORgt nuclear translocation and Il17a gene expression in IL-6/23-stimulated human neutrophils
We reported that peripheral blood neutrophils from healthy individuals constitutively express RORgt in the cytoplasm and that following incubation with IL-6/23, RORgt is translocated to the nucleus and initiates Il17a transcription [13] . To examine the role of p-STAT3 in this process, neutrophils were stimulated with IL-6 and IL-23 in the presence of JAK/STAT inhibitors.
p-STAT3 was detected in human neutrophil cell lysates following IL-6/23 stimulation (Fig. 4A) but not in the presence of Stattic or Ruxolitinib (Fig. 4B) . Likewise, p-STAT3 and RORgt were detected in nuclear extracts from IL-6/23-stimulated but not unstimulated neutrophils (Fig. 4C) . However, when stimulated cells were also incubated with Stattic or Ruxolitinib, p-STAT3 and RORgt were not detected in nuclear extracts (Fig. 4D) , indicating that these inhibitors block RORgt translocation to the nucleus. As a second approach to examine translocation, RORgt was visualized by confocal microscopy and found to be only in the cytoplasm of unstimulated cells, whereas RORgt was also in the nucleus of IL-6/23-stimulated human neutrophils. In contrast, RORgt was found only in the cytoplasm in IL-6/23-stimulated neutrophils incubated with Stattic or Ruxolitinib (Fig. 4E) . Nuclear RORgt was quantified by multispectral image flow cytometry (ImageStream) of 50,000 cells. As shown in Fig. 4F , RORgt was detected in .80% of neutrophils incubated with IL-6/23 but not in the presence of Stattic or Ruxolitinib (representative ImageStream micrographs are shown in Supplemental Fig. 4) .
To examine the effect of STAT3 and RORgt inhibitors on IL-17 gene expression and protein, murine and human neutrophils were stimulated with IL-6/23 in the presence of these inhibitors. As shown in Fig. 5A and B, Il17a transcripts were detected in IL-6/23 but not unstimulated neutrophils; however, Il17a expression was completely inhibited when IL-6/23-stimulated cells were incubated with Stattic, Ruxolitinib, or SR1001. (qPCR data are shown in Supplemental Table 3.) Consistent with their effect on gene expression, IL-6/23-induced IL-17 protein was not detected when neutrophils were incubated with Stattic, Ruxolitinib, or SR1001 (Fig. 5C and D) . Furthermore, flow cytometry analysis showed there were no IL-17 +ve neutrophils in the presence of these inhibitors ( and F). Note that the concentrations of rIL-6/23 were based on titrations used previously that induced RNA expression within 1 h and protein within 3 h [13] . Also, the concentration of JAK/ STAT inhibitors chosen was based on other reports [17] and on preliminary in vitro experiments (Supplemental Fig. 5 ).
p-STAT3 regulates elastase and MMP9 activity in IL-6/23-stimulated neutrophils Neutrophil elastase and MMP9 are released from neutrophil granules when the cells are activated and have the potential to cause severe tissue damage. To determine if these proteases are activated in IL-17-producing human neutrophils, enzymatically active elastase and MMP9 were measured in culture supernatants following 3 h stimulation with IL-6/23 and a soluble extract of Aspergillus hyphae (AspHE).
No elastase was detected in the supernatants of unstimulated neutrophils; however, following IL-6/23 stimulation, elastase activity was significantly elevated, and was blocked completely by Stattic or Ruxolitinib (Fig. 6A) . Neutrophils incubated with AspHE also had elevated elastase; however, cells incubated with AspHE and IL-6/23 did not produce more elastase than IL-6/23 stimulation alone. Furthermore, in the presence of Stattic or Ruxolitinib, elastase production was at the level shown for neutrophils incubated with AspHE alone (Fig. 6A) , indicating that AspHE-induced elastase is independent of STAT3. RORgt inhibition had no effect on elastase activity in any of the stimulations. Similar results were found for MMP9 following IL-6/23 stimulation, which was completely inhibited by Stattic and Ruxolitinib but not SR1001 (Fig. 6B) . However, protease secretion by neutrophils stimulated with AspHE alone was not inhibited by Ruxolitinib or Stattic (data not shown).
The inactive proform of MMP9 is mostly located in the tertiary granules but is transported and expressed on the cell membrane of activated neutrophils, where it is enzymatically active [25] . Therefore, we examined intracellular and extracellular MMP9 on AspHE and IL-6/23-stimulated neutrophils by flow cytometry.
As shown in Fig. 7A , there was no cell-surface MMP9 in unstimulated or AspHE-stimulated neutrophils; however, MMP9 was present on the cell surface of IL-6/23-stimulated neutrophils. Following incubation with Stattic or Ruxolitinib but not SR1001, there was no extracellular MMP9. Approximately 9% of neutrophils stimulated with AspHE alone expressed cell-surface MMP9. Conversely, intracellular MMP9 was measured in neutrophils following cell permeabilization. Quantification shows ;30% unstimulated neutrophils with intracellular MMP9, which was reduced following stimulation with AspHE, IL-6/23, and 2% IL-6/23/AspHE-treated cells (Fig. 7B) . As with cell-surface MMP9, the effect of IL-6/23 was completely reversed by Stattic or Ruxolitinib but not SR1001.
These data show that cell-surface MMP9 and secreted, enzymatically active neutrophil elastase and MMP9 can be blocked by JAK/STAT inhibitors following induction by IL-6/23, whereas AspHE-stimulated proteases are independent of this pathway. These findings also indicate that IL-6/23-induced protease activity is independent of RORgt. 
DISCUSSION
Individuals with mutations in STAT3 exhibit increased susceptibility to fungal infections [26] [27] [28] [29] . STAT3 also regulates (RORgt) expression and Th17 cell differentiation [30, 31] . Although Th17 cells are generated in response to fungal infections, their development requires several days; therefore, Th17 cells have a limited role in the early stages of a rapidly progressing infection with bacteria or fungi [32] . In contrast, IL-17-producing NK-T cells and gd2T cells constitutively express RORgt and can rapidly produce IL-17 in response to cytokine stimulation [33] . We reported that a subset of human and murine neutrophils constitutively expresses IL-23R and RORgt and produces IL-17 following stimulation IL-6 and IL-23 (IL-6/23) [13] . Furthermore, in contrast to IL-17-producing lymphocytes, this population of neutrophils also expresses a functional IL-17R (IL-17RA/RC), enabling autocrine IL-17 activity, increased production of ROS, and increased hyphal killing in vitro and in a mouse model of A. fumigatus corneal infection [13] .
IL-17 stimulates an inflammatory response by activating epithelial cells and fibroblasts, which constitutively express the IL-17RA and IL-17RC subunits of the receptor to produce neutrophil chemokines [34] . The resulting neutrophil influx is required for microbial killing, although release of granule proteases and ROS also causes tissue damage [34, 35] .
In the current study, we show that JAK/STAT inhibitors abrogate RORgt translocation to the nucleus of human and murine neutrophils, inhibit IL-17 production, and reduce elastase and MMP9 activity in vitro and in a mouse model of A. fumigatus keratitis.
Given that neutrophils are a predominant source of IL-17 in patients with fungal keratitis [11, 12] and have been reported as a source of IL-17 in fungal and bacterial infections [36] [37] [38] [39] , in autoimmune diseases, including psoriasis and rheumatoid arthritis [40] [41] [42] , and in cystic fibrosis [43, 44] , findings from the current study are also relevant to these other conditions. IL-17 is reported to stimulate MMP9 release and activity in the bronchial alveolar lavage fluids of COPD patients [45] . Proinflammatory mediators, such as TNF-a and LPS, can activate MMP9 to migrate to the cell surface or cause the cleaved MMP9 to migrate into the extracellular space as an active, soluble form of MMP9 [25] .
Neutrophil elastase is in azurophilic (primary) granules, whereas MMP9 is in specific (secondary) and gelatinase (tertiary) granules. Furthermore, exocytosis of each granule type is differentially regulated, including by small GTPases such as RAB27a [46, 47] . IL-8-mediated MMP9 release is dependent on protein kinase C and ERK1/2 but not p38 MAPK [48] , whereas PI3K activity is essential for LPS-induced exocytosis of primary but not secondary or tertiary granules. Also, p38 MAPK regulates mobilization of all granules [49] . IL-6, together with GM-CSF, inhibits neutrophil elastase release in the context of tumor growth, in part, by blocking activation of RAB27a, and the increased MMP9 release was associated with increased p-STAT3 [50] . The difference between those findings and ours regarding the inhibitory versus the stimulatory role of IL-6 on elastase activity has yet to be determined but may relate to the combined stimulation with IL-6 and GM-CSF compared with IL-6/23 stimulation in the current study, which may affect the activity of small GTPases that regulate granule mobilization.
Exocytosis of neutrophil granules generally requires incubation with agonists, such as LPS or formyl peptides, before stimulation with cytokines; however, in the current study, we clearly demonstrated that incubation with only IL-6 and IL-23 induced MMP9 expression on the cell surface and secretion of bioactive MMP9 and elastase. We also showed that MMP9 and elastase activity are induced by hyphal extracts, although this was independent of the JAK/STAT pathway and is more likely to be a consequence of activating c-type lectins, such as Dectin-1 and -2, which are expressed on IL-17-producing neutrophils [13, 51] . The increased MMP9 and elastase activity in IL-17-producing neutrophils was blocked by the JAK/STAT inhibitors but not by SR1001, indicating that the elevated activity of these proteases is regulated by IL-6/23 and STAT3 but through a pathway that is independent of RORgt and IL-17. In contrast to IL-6/23-induced elastase and MMP9 production, SR1001 and JAK/STAT inhibitors blocked IL-6/23-induced ROS production and hyphal killing by human neutrophils in vitro but could be rescued by adding rhIL-17. These findings demonstrated that JAK/STAT activation of ROS is dependent on IL-17, most likely through the autocrine activation of IL-17RC [13] . Likewise, in vivo hyphal killing was impaired in primed mice given Ruxolitinib, in which IL-17 production was inhibited. Although we cannot eliminate the possibility that Ruxolitinib also inhibited STAT3 activation of other cells, such as resident or infiltrating macrophages, there was no difference in neutrophil recruitment to infected corneas in vehicle compared with Ruxolitinib-treated mice. Furthermore, the in vitro effect of Ruxolitinib on ROS-production and fungal killing by murine and human neutrophils support the concept that the major effect of Ruxolitinib on infected corneas is to inhibit neutrophil activation.
ROS production by neutrophils is mediated primarily by NADPH oxidase reduction of O 2 to the superoxide radical O 2 2 , and we showed that IL-17-producing neutrophils from mice lacking the NADPH oxidase GP91 subunit have impaired fungal clearance [13] . Hence, it is likely that the mechanism involving Ruxolitinib inhibition of fungal killing occurs by blocking assembly of the NADPH oxidase and subsequent ROS production. As ROS production was blocked by all 3 inhibitors, it is therefore dependent on RORgt and IL-17, possibly by blocking assembly of the NADPH oxidase complex. We also showed that IL-17-producing neutrophils predominate in individuals who are exposed to high levels of airborne spores and in patients with corneal ulcers caused by the filamentous molds Aspergillus and Fusarium [11, 12] . Therefore, it is likely that the increased proteases contribute to the tissue damage and blindness associated with this infection. Neutrophil elastase and MMP9 are also elevated in the lungs of patients with cystic fibrosis or COPD [45, [52] [53] [54] . As IL-17-producing neutrophils have been reported in lungs of patients with cystic fibrosis [43, 44] , findings from the current study suggest that targeting IL-17-producing neutrophils could potentially limit the severity of tissue damage. However, as neutrophil ROS has an important role in host defense against bacteria and fungi, the possibility that JAK/STAT inhibitors could abrogate microbial clearance by neutrophils obviates their sole use during infection. If given together with antibiotics or antifungal agents, JAK/STAT inhibitors, such as Ruxolitinib, which has been used in human trials of myelofibrosis [55, 56] , would also have the potential to block tissue damage caused by IL-17-producing neutrophils during infection. AUTHORSHIP P.R.T., S.R., C.J.M., and E.P. designed the experiments, analyzed the data, and prepared the manuscript. P.R.T., S.R., E.C.M., Y.S., and S.J.H. performed the experiments.
